Abstract. Oral mucositis induced by chemotherapy or radiotherapy has an impact upon qualityof-life, is dose-limiting for chemotherapy, and causes considerable morbidity. We evaluated the effect of royal jelly (RJ) on 5-fluorouracil (5-FU)-induced oral mucositis in hamsters. Oral mucositis was induced in hamsters through a combination of 5-FU treatment and mild abrasion of the cheek pouch. RJ was contained in chitosan-sodium alginate film (RJ film). Films were attached to the oral mucosa and the healing process examined by measuring the area of mucositis, myeloperoxidase (MPO) activity, microscopic aspects, and RT-PCR for detection of pro-inflammatory cytokines (tumor necrosis factor-α, interleukin-1β). Furthermore, we evaluated the radicalscavenging activity of RJ and generation of keratinocyte growth factor from human periodontal ligament fibroblasts. RJ films (10%, 30%) significantly improved recovery from 5-FU-induced damage, reduced MPO activity and the production of pro-inflammatory cytokines. Additionally, RJ showed radical-scavenging activity. These data suggest that topical application of films that contain RJ had a healing effect on the severe oral mucositis induced by 5-FU and that the effect was caused by the anti-inflammatory or anti-oxidative activities of RJ.
Introduction
Oral mucositis induced by chemotherapy or radiotherapy is a common and painful side effect. Chemotherapyinduced mucositis has become a common dose-limiting toxicity for several regimens. Local anesthetics (1) , agents that coat the oral mucosa with sodium alginate (2), anti-ulcer agents (e.g., polaprezinc, rebamipide), and anti-inflammatory agents (e.g., azulene, corticosteroids) are used for the treatment of oral mucositis (3 -6) . However, there are no established effective treatments for oral mucositis.
It has been speculated that mucositis results from a process that includes changes in the endothelium and connective tissue, as well as the epithelium, which is stimulated by several cytokines. The oral microflora, saliva, and functional trauma provide an indigenous environment that modulates the frequency, course, and severity of mucositis. Thus, the healing of oral mucositis is a complex process that involves inflammatory aspects (e.g., monocyte migration and cytokine production), growth factors, and angiogenesis during re-epithelialization (7) .
Recently, biologically active factors have been considered for their potential efficacy in preventing and/or treating mucositis. The efficacy of interleukin (IL)-11 and transforming growth factor-β3 has been reported in animals and in vitro (8, 9) . In clinical studies, granulocytecolony stimulating factor (10) and keratinocyte growth factor (KGF) (11, 12) have been reported to reduce the severity of mucositis if applied before chemotherapy and/or in the repair phase.
Interestingly, a preliminary study has shown topical application of natural honey to be a simple and costeffective treatment for radiation-induced mucositis (13) . However, the precise efficacy of this treatment is unclear.
Other bee products such as royal jelly (RJ) and propolis have been reported to have various biological activities. For instance, RJ (the principal food source of the queen honeybee) has pharmacological characteristics, including anti-bacterial (14) , anti-allergic (15) , antioxidant (16) , and wound-healing properties (17) .
Previously, we reported the effect of topical application of RJ ointment upon 5-fluorouracil (5-FU)-induced oral mucositis (18) . However, the precise mechanism of the healing effect upon oral mucositis and RJ release from the base ointment were not clear. Topical treatment using films has been reported to be useful for oral mucositis because it can protect the oral mucosa and control the release of drugs from drug-delivery systems in the oral mucosa (19, 20) .
In the present study, we constructed sodium alginatechitosan films that contained RJ (RJ film) and examined their effect upon 5-FU-induced oral mucositis in hamsters.
Materials and Methods
The experimental protocol was conducted according to the Guidelines of the Ethics Review Committee for Animal Experimentation of Ehime University Medical School (Ehime).
Animals
Seven-week-old Golden Syrian hamsters (Japan SLC, Inc., Shizuoka) weighing 90 -120 g were used in all experiments. All animals were housed in a room maintained at 22°C ± 2°C under a 12-h light -dark cycle with lights on at 07:00 h. They were fed with a standard rodent diet and had free access to water.
Drugs
RJ was supplied by the Yamada Apiculture Center, Inc. (Okayama). RJ was collected from Apis mellifera L. that fed primarily on nectar and pollen from Brassica rapa var. nippo-oleifera in Jiang Shan in the People's Republic of China. 5-FU injection (Kyowa Hakko Co., Ltd., Tokyo), chitosan, and glycerol were obtained from Wako Pure Chemical Industries (Osaka). Sodium alginate was from Nacalai Tesque Co., Ltd. (Kyoto). Human periodontal ligament fibroblasts (HPdLFs) were purchased from Cambrex Bio Science, Walkersville, MD, USA. Stromal cell basal medium (SCBM) was obtained from Takara Bio Co., Ltd., Otsu. Rabbit anti-human KGF antibody, rabbit biotinylated anti-human KGF antibody, and recombinant human KGF were purchased from PeproTech EC (London, UK). Horseradish peroxidase (HRP)-conjugated streptavidin was from Zymed Laboratories (San Francisco, CA, USA) and 3,3',5,5'-tetramethylbenzidine (TMB) was from Sigma-Aldrich Japan (Tokyo).
Preparation of sodium alginate-chitosan films
RJ was dissolved in 50 mL distilled water and mixed with 1.0 g sodium alginate and 0.1 g glycerol. It was poured into petri dishes and dried under vacuum at room temperature. Chitosan was dissolved in 10 mL 0.3% acetic acid and 0.1 g glycerol was added as a plasticizer. The gelatinous chitosan was poured onto dried sodium-alginate layers and dried under vacuum at room temperature. The final concentration of RJ was 10% or 30% weight of the dried film. Films were punched with 10-mm diameter holes. The weight of the film preparation was 15 mg.
In vitro drug release
In vitro release of RJ from sodium-alginate layers was carried out using a modification of the method of Arakawa et al. (21) . The 10% or 30% RJ film was attached to the wall of a 30-mL glass beaker and stirred at 50 rpm in 20 mL distilled water maintained at 37°C. Aliquots of 100 μL were taken at 1, 5, 10, 15, 30, 60, 120, 180, and 240 min and replaced with the same volume of distilled water. The major components of RJ are proteins. Hence, by determining the protein concentration we also determined the RJ concentration. The protein content of RJ was determined following the method of Lowry et al. (22) using bovine serum albumin as the standard.
Creating a model of oral mucositis
The hamster model for chemotherapy-induced oral mucositis was based on a modification of the method of Sonis et al. (23) . Hamsters (n = 12 per group) received two intraperitoneal injections of 5-FU (60 mg/kg) on days 0 and 2. To induce mucosal ulceration, hamsters were anesthetized with diethyl ether. The left-cheek pouches were everted and scratched lightly with a small wire brush on days 1 and 2. Epithelial ulceration was noted in all of the hamsters on day 3. Films were applied to the left-cheek pouch every day from day 3 under anesthesia with diethyl ether. A sodium-alginate layer was attached to the oral mucosal side (the chitosan layer was on the oral cavity side). Ulcers were assessed every other day immediately before drug application. Assessment of the cheek pouch involved measurement of the length and width of the ulcer with calipers, which were determined in a single-blind manner.
Macroscopic analyses of cheek pouches
After 8 days of treatment with RJ films (10% and 30%), animals were anesthetized with diethyl ether. The cheek pouches were everted and photographed before the hamsters were killed. The photographs were used for scoring lesions. Scoring methods in hamsters followed the methods of Lima et al. (24) and Leitão et al. (25) . For macroscopic analyses, inflammatory aspects (erythema, hyperemia, hemorrhagic areas, epithelial ulceration, and abscess) were evaluated in a single-blind manner and graded on a score of 0 -3, as follows: 0 = normal cheek pouch with erythema and hyperemia absent or discreet and no hemorrhagic areas, ulcerations, or abscesses; 1 = moderate erythema and hyperemia, with no hemorrhagic areas, ulcerations, or abscesses; 2 = severe erythema and hyperemia, with hemorrhagic areas, small ulcerations, or scarred tissue, but no abscesses; and 3 = severe erythema and hyperemia, with hemorrhagic areas, extensive ulcerations, and abscesses.
Histopathological analyses
Samples of cheek pouches were removed from 6 hamsters per group for histopathological analyses on day 8. Specimens were fixed in 10% neutral-buffered formalin, dehydrated, and embedded in paraffin. Sections were obtained for staining with hematoxylin & eosin (H&E) and examined under light microscopy (× 400). Scoring methods in hamsters followed the methods of Lima et al. (24) and Leitão et al. (25) . The parameters of infiltration of inflammatory cells, vascular dilatation, ingurgitation, hemorrhagic areas, edema, ulceration, and abscesses were determined in a single-blind manner and graded on a score of 0 -3: 0 = normal epithelium and connective tissue without vasodilatation; absence of, or discreet, cellular infiltration; absence of hemorrhagic areas, ulceration or abscesses; 1 = discreet vascular ingurgitation, areas of re-epithelization; discreet inflammatory infiltration with mononuclear prevalence; absence of hemorrhagic areas, edema, ulceration or abscesses; 2 = moderate vascular ingurgitation, areas of hydropic epithelial degeneration, inflammatory infiltration with neutrophil prevalence, presence of hemorrhagic areas, edema, subepithelial microblister, and eventual ulceration, absence of abscesses; and 3 = severe vascular ingurgitation and dilatation, inflammatory infiltration with neutrophil prevalence, hemorrhagic areas, edema, subepithelial microblister, and extensive ulceration and abscesses.
Determination of myeloperoxidase (MPO) activity
MPO activity, a marker for neutrophils in inflamed tissue, was also measured in hamster cheek pouches using a modification of the method of Chen et al. (26) .
Cheek-pouch samples (n = 6 per group) were removed under anesthesia on day 8 and stored at −70°C until required for assay. Samples were weighed and homogenized in 10 volumes of 50 mM potassium phosphate buffer (pH 6) containing 0.5% hexadecyltrimethyl ammonium bromide for 1 min. After freezing and thawing the homogenates thrice, they were centrifuged at 12,500 × g at 4°C for 15 min. Supernatants were collected and reacted with 0.167 mg/mL o-dianisidine dihydrochloride and 0.0005% hydrogen peroxide in 50 mM phosphate buffer (pH 6). The activity of MPO was measured by spectrophotometric means (U-3210; Shimadzu, Tokyo) at 450 nm. MPO activity was calculated by the slope of absorbance calibrated by standard MPO (Wako) and expressed as units MPO/g cheek pouch.
Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) for pro-inflammatory cytokines
Mucosal tissues were harvested on day 8 and ribonucleic acid (RNA) extracted using a QuickGene RNA Tissue kit S2 (Fujifilm Co., Ltd., Tokyo). Syntheses of complementary deoxyribonucleic acid (cDNA) were undertaken using a PrimeScript One Step RT-PCR kit ver. 2 (Takara Bio). The thermal cycles consisted of denaturation at 94°C for 1 min, annealing at 54°C for 1 min, and extension at 72°C for 1 min, followed by a final extension at 72°C for 5 min. Amplification was carried out for 35 cycles in a 2720 Thermal Cycler (Applied Biosystems, Foster City, CA, USA). The PCR amplified products were fractionated on 2.0% agarose gel and analyzed using a Dual Ultraviolet Transilluminator ( Astec Co., Ltd., Fukuoka) and Image J software. After the scanned images were digitized and quantified, the values for each cytokine were normalized to those of β-actin. Each sample was analyzed in duplicate in all experiments. The primer sequences used are listed in Table 1 (27, 28) .
Determination of KGF level
HPdLFs (1 × 10 4 cells) were added to 96-well flatbottom tissue culture plates (Nunc, Roskilde, Denmark) and incubated at 37°C in a 5% CO 2 incubator for 3 days to allow cells to be in a semi-confluent condition. Cells 
Scavenging activity upon 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals
The DPPH assay was based on the method of Nagai et al. (29) . The RJ sample solution (0.3 mL) was mixed with 0.3 mL of DPPH radical solution (1.0 mM) and 2.4 mL of ethanol (99%). The mixture was shaken vigorously and left to stand for 30 min in the dark. The absorbance was measured at 517 nm. The capability of the test material to scavenge DPPH radicals was calculated as (%) = [1 − (absorbance of the sample at 517 nm) / (absorbance of the control at 517 nm)] × 100.
Electron spin resonance (ESR) studies
ESR spectra were obtained on a JES-TE300 Spectrometer equipped with a ESPRIT-425 computer system (JEOL, Tokyo) at room temperature with a quartz flat cell. The field setting was at 336 mT for 5,5-dimetyl-1-pyrroline-N-oxide and 3,3,5,5-tetrametyl-1-pyrroline-N-oxide spin trapping in the presence of an Mn 2+ marker. The scan range was 10 mT; the modulation frequency was 9.423 GHz; the modulation width was 0.1 mT; the microwave power was 8 mW; the sweep time was 2 min; and the time constant was 0.1 s.
Detection of superoxide and hydroxyl radicals by ESR spectrometry
To detect superoxide radicals, a solution of each chemical was mixed with 3,3,5,5-tetrametyl-1-pyrroline-N-oxide (12.5 mg/mL), hypoxanthine (0.5 mM), dimethyl sulfoxide (DMSO, 15%), and xanthine oxidase (0.05 U/ml) in 0.1 M phosphate buffer (pH 7.4) and kept at room temperature for 1 min for ESR spectroscopy. To detect 
Statistical analyses
All results are represented as the group mean and standard errors of the mean, or the median. The data for oral mucositis were analyzed using two-way analysis of variance (ANOVA) with drug treatment as the betweensubjects factor and time as the within-subject factor. Whenever the drug-treatment factor or the drug treatment factor × time interaction was significant, a post hoc comparison was carried out. The post hoc individual comparisons were done using Dunnett's test or Student's t-test. The area under the curve (AUC) of oral mucositis, MPO activity, RT-PCR, and radical-scavenging activity were analyzed using one-way ANOVA followed by Dunnett's test. Kruskal-Wallis and Mann-Whitney tests were used to compare median values. P < 0.05 was considered significant. Figure 1 shows the release profile of RJ from the RJ film. The release of RJ from the film was maintained for 4 h, and approximately 50% of RJ was released within 1 h. Figure 2 shows the effect of RJ films (10%, 30%) on oral mucositis induced by 5-FU in hamsters. The combination of intraperitoneal injection of 5-FU and mild abrasion of the cheek pouch caused oral mucositis on day 3. Thereafter, observation of mucositis showed that the lesions decreased in size with time. The film (which did not contain RJ) had no significant effect on the recovery from 5-FU-induced damage. However, RJ films that contained 10% and 30% RJ significantly reduced the area of mucositis in comparison with the control group (P < 0.05, two-way ANOVA). The AUC of oral mucositis between days 3 and 8 was decreased by RJ films (P < 0.05, one-way ANOVA).
Results
Treatment with RJ films significantly improved recovery from 5-FU-induced damage, which presented as reduced erythema and absence of ulceration and abscesses on day 8 ( Table 2) .
MPO activity was increased significantly in the cheekpouch tissue of hamsters subjected to 8 days of 5-FUinduced experimental oral mucositis (P < 0.01) in comparison with animals with intact cheeks. RJ films significantly reduced the 5-FU-induced increase in MPO activity (P < 0.05) (Fig. 3) .
The histopathological analysis and grading system of hamster cheek pouches are shown in Fig. 4 . The histopathology of the cheek pouches of hamsters subjected to 5-FU-induced oral mucositis revealed intense cellular infiltration with neutrophil prevalence and extensive ulcers (Fig. 5B, Table 2 ) when compared with the normal cheek pouches of hamsters not subjected to oral mucositis (Fig. 5A, Table 2 ). Treatment with RJ films (10%, 30%) reduced the 5-FU-induced infiltration of inflammatory cells, ulceration, and formation of abscesses. Furthermore, areas of re-epithelization were observed (indicated by arrows in Fig. 5 : C and D, Table 2 ).
At day 8, the mRNA levels of pro-inflammatory cytokines [tumor necrosis factor (TNF)-α and IL-1β] increased in comparison with animals with intact cheeks. The mRNA levels of pro-inflammatory cytokines in RJ film-treated groups were significantly lower than those of the control group (Fig. 6: A and B) . Figure 7 shows the KGF generation from HPdLFs. Several concentrations of RJ had no effect on the KGF level in HPdLFs.
RJ showed scavenging activity upon DPPH radicals, superoxide radicals, and hydroxyl radicals. Each concentration of RJ sample displayed radical-scavenging The bar chart represents the AUC between days 3 and 8 for each group. AUC was calculated from the summation of the ulcer area between days 3 and 8 for each group. *P < 0.05, significantly different from the control value, # P < 0.05, significantly different from the non-RJ film value (two-way or one-way ANOVA, followed by Dunnett's test). Table 2 . Macroscopic and microscopic analysis of hamster cheek pouch submitted to experimental OM and treated with RJ film on day 8
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Data represents the median value (and range) of macroscopic scores in 12 or 6 animals per group. a P < 0.05, significantly different from the control value (Kruskal-Wallis and Mann-Whitney tests). Fig. 3 . Effect of topical application of RJ films on MPO activity in the cheek pouches of hamsters subjected to oral mucositis. Cheek pouches were removed on day 8. Data represent the mean ± S.E.M. of 6 hamsters per group. *P < 0.05, **P < 0.01, significantly different from the control value, (Student's t-test, one-way ANOVA, followed by Dunnett's test).
activity. RJ (1%, 10%) could significantly scavenge each free radical species compared with 0.1% RJ (P < 0.01) (Fig. 8) .
Discussion
Oral mucositis is a complex process initiated by injury to cells in the basal epithelium and underlying tissue.
The probable mechanisms of oral mucositis induced by chemotherapy involve complex biological events mediated by several inflammatory cytokines such as TNF-α, IL-1, and IL-6; the direct effect of chemotherapeutic drugs upon the basal epithelium and connective tissue; and the oral microbial environment (30) . Additionally, it is thought that the development of oxidative stress and generation of reactive oxygen species (ROS) Fig. 4 . Representative histopathological analysis of hamster cheek pouches and scoring system. score 0 (A), score 1 (B), score 2 (C), score 3 (D). Samples were removed and processed for H&E staining (× 400 magnification) after the hamster was euthanized. Scale bar: 50 μm. by chemotherapeutic agents or radiation are primary events in most pathways leading to mucositis. Moreover, ulcerative mucositis results in the destruction of the oral mucosa as an anatomical barrier. The mouth thus becomes a portal of entry for enteric bacteria, viruses, and fungi. Hence, ulceration of the oral mucosa results to an increased risk of infection, particularly during immunosuppression (31) .
We previously found that topical application of RJ ointment decreased the ulcer area of oral mucositis induced by 5-FU in hamsters (18) . The present study demonstrated clearly that treatment with RJ films significantly reduced the lesions found in 5-FU-induced oral mucositis. On days 6 and 7, a significant difference in the ulcer area between the controls and RJ film-treated group was not observed. Thus, the use of RJ films may be more effective in the early stages of oral mucositis than in the late stages. The treatment significantly decreased ulcer area, infiltration of inflammatory cells, ulceration, and formation of abscesses. Furthermore, expression levels of pro-inflammatory cytokines were significantly decreased by RJ films.
It is well known that sodium alginate fiber dressing material is effective for treating wounds of the buccal Cheek pouches were removed on day 8. Data represent the mean ± S.E.M. of 6 hamsters per group. *P < 0.05, **P < 0.01, significantly different from the control value (Student's t-test, one-way ANOVA, followed by Dunnett's test).
mucosa, and clinical studies have reported the reparative effect of sodium alginate solution on radiation-induced oral mucositis (2) . However, films without RJ had no effect on 5-FU-induced oral mucositis in hamsters. Additionally, our previous study showed that films without drugs had no effects (32) . Sodium alginate is a water-soluble and swellable polymer and is an excellent candidate for delivering drugs (33, 34) . In fact, the sustained release of RJ from films was shown in the present study. These results suggested that the film formulation was effective for RJ release. Therefore, films that use sodium alginate-chitosan improve the healing effect of RJ on oral mucositis as a result of their drug-eluting properties.
It was not possible to mix > 30% of RJ with film, so the present study examined the effects of 10% and 30% of RJ film. The results showed a significant ameliorating effect of RJ films on the oral mucositis induced by 5-FU in hamsters. RJ contains a considerable amount of various proteins, free amino acids, lipids, vitamins, and sugars; and it is known to have diverse nutritional and pharmacological functions such as anti-bacterial (14) , anti-allergic (15) , and wound-healing actions (17) . Recent studies have suggested that RJ efficiently inhibits the production of pro-inflammatory cytokines such as TNF-α, IL-1, and IL-6 by lipopolysaccharide-and interferon gamma-stimulated macrophages (35) . Therefore, a mucosal-protective effect and a tissue repair-promoting action might be involved in the mechanism of the healing effect of RJ.
In the in vitro study, KGF generation from HPdLFs was not observed. RJ showed scavenging activity upon DPPH radicals, superoxide radicals, and hydroxyl radicals. Therefore, in the healing effect of RJ on oral mucositis, radical-scavenging activity is more important than KGF generation. ROS such as hydroxyl radicals directory damage cells, tissues, and blood vessels. ROS activation and their subsequent ability to stimulate several transcription factors seem to characterize the tissue response to stomatotoxic damage. Transcription factors such as nuclear factor-κB lead to the up-regulation of many genes, including those that result in the production of pro-inflammatory cytokines. Therefore, for agents to protect cells from free-radical damage is very important for the healing of oral mucositis.
In conclusion, the results of the present study suggest that treatment with RJ films has a healing effect on the oral mucositis induced by 5-FU through anti-inflammatory and antioxidative actions. Fig. 8 . Scavenging activity of RJ upon several species of free radicals. The capability of RJ to scavenge free radicals was represented as a percentage of the control value. Data represents the mean ± S.E.M. of four samples per group. Data represent the mean ± S.E.M. of four samples per group. **P < 0.01, significantly different from the control value (one-way ANOVA, followed by Dunnett's test).
